A variety of conductive dopants were used to modify the electric properties of polymer cholesteric liquid crystals. Different types of carbon blacks and carbon nanotubes, as well as metallic particles were used as conductive dopants in this work. All affected the conductivity of the polymer matrix, but at different dopant concentrations. The percolation threshold behavior of used dopants in the polymer host showed pronounced dependence on the dopants" particle size and particle shape anisotropy. For instance, the higher the aspect ratio of carbon-based dopant particles (aspect ratio = length : diametar), the lower the percolation threshold. Additionally, increase in metallic dopants' diameter yielded higher percolation threshold of polymer composition.
INTRODUCTION
Dopants (inclusions or fillers) in polymers have been studied by many researchers for different purposes. There are many particulate substances like carbon-based, metallic, dielectric or inorganic particles, which have been used as dopants in polymers and formed composites with modified and/or unique properties. Particle dopants can be of any shape, e.g. spherical or nonspherical: fiber-like, tubes, flake-platelets; organic or inorganic dopants; conductive or non-conductive dopants. They can be of any size, from nanometer to micron-sizes. The polymeric composites and mixtures comprising dopants can exhibit a variety of modified or improved performances over those of the pure polymer hosts in terms of physical [1, 2] , mechanical [3] [4] [5] , electrical [6] [7] [8] , and thermal properties [9] [10] [11] [12] tailoring them to different applications [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] .
In this work, conductive dopants added to polymer cholesteric liquid crystal host were investigated. It is known that conductive dopants can convert an insulating polymer to electrically conductive polymer mixtures [23] [24] [25] [26] . The insulatingto-conducting transition [24] of the polymer composition occurs when the dopant concentration exceeds a critical value known as the percolation threshold (PT) [24, 25, [27] [28] [29] . PT is characterized by a sharp jump in the conductivity by several orders of magnitude. The location of the PT depends on many factors, viz. the nature of polymer host, the dopant nature and its size, shape, geometry, and surface energy, the composite porosity, dopant dispersion and alignment, potential chemical interactions, processing method, etc. Generally, it is desirable to have lower PT values, and these can be achieved more easily with elongated dopants [28] [29] [30] if compared with spherical ones [24, 25, 27] . The aspect ratio of dopants also affects the PT; the higher the dopant aspect ratio, the lower the PT [26, 29] . In addition, better dopant dispersion contributes to lowering PT [31, 32] . However, good alignment, e.g. aligned nanotubes in polymer matrix, does not always give a lower PT [33] , because there are only fewer contacts between the aligned nanotubes, resulting in reduction of electrical conductivity, and, consequently, higher PT [26] . Higher PT is expected also in composites where stronger dopant/polymer interactions occur due to the slower creation of conductive network [25, 27] . An increase in the surface tension of the polymer can increase the PT, because it prevents the formation of conductive particle clusters [34] .
There are different percolation models which interpret the behavior of the electrical conductivity of different mixtures: statistical, geometrical, thermodynamic and structure-oriented [24, 25, 28, 35] . As a classical statistical model explanation of the conductivity of a composite (mixture),  m , is due to the existence of "infinite clusters" of connected conducting particles, i.e. formation of a three-dimensional conductive network and is described by a power-law dependence [7, 23, 29, 31, 32, [36] [37] [38] [39] [40] [41] [42] [43] .
The statistical theory gives a good description of PT. The critical volume fraction for percolation is calculated to be from 5 to 20 vol.% (or even to 50 vol.%). However, some disadvantages of this theory have been observed. First of all, it does not take into account the properties of the polymer host (viscosity, surface tension) -polymer/dopant chemical interactions and dopant geometry. Second, physical or "electrical" contacts between spherical particles are very important in a description of classical percolation theory. "Continuous chains" of particles do not always exist in conductive composites as the theory assumes [44, 45] . Discontinuities (e.g., thin polymer barrier layers) may occur between the particles [38, [45] [46] [47] . In this case, the composites can exhibit a semiconducting or conducting character with conduction occurring through a "tunneling" effect and/or a "hopping" of charge-carriers among neighboring particles. Consequently, much lower percolation thresholds are observed (even lower than 0.1 vol.%) than the classical theory would predict [31] .
Carbon black (CB) has been widely used as conductive dopant to polymers. It consists of spherical shaped, nanosized particles, which usually aggregate in agglomerates with low or high structures. More spherical-like and compact aggregates (or isolated CB particle) have "lower" structure with less pores, voids (less absorption of DBP oil) vs. "high" structure that are elongated, branched and chained aggregates which are more porous and have large effective volume, and, consequently, high DBP value. A large body of published work has been devoted to different polymer/carbon black composites [1, 34, 40, [48] [49] [50] [51] [52] . Different loading levels of CB in polymers have been reported to exhibit percolation thresholds from <1 vol.% to tens of vol.% loads [30] . As stated above, PT strongly depends on the nature of the polymer matrix (e.g., the higher the polymer polarity or surface energy, the higher the PT [34] ), CB type (particle size, surface area, oxidation state [49, 51] ), CB structure (the "lower" the structure, the higher the PT [30, 45] ), the adhesion between CB and polymer [53] , the method of the preparation of the composite [48] , mixing, and potential addition of salts (which lowers the potential barriers between CB particles) [36, 44, 47] . Depending on the surface treatment of CB particles, different functional and volatile groups (phenols, carboxylic acids) [49, 51, 54] can exist on the CB surface. A mixing process can even induce an electrical charge on CB particle surface. In most of the cases, CB particles in polymer composites can have a permanent negative charge on their surfaces [36, 53] .
On the other hand, carbon nanotubes (CNT), since their discovery [55] , have attracted the attention of many researchers for use as dopants, because of their unique properties [26, 56, 57] . There are different ways for producing CNTs including the arc discharge method, chemical vapor deposition, and laser ablation [58] . They are used to make "exceptional" polymer composites [59] with high strength-to-weight ratios [56] , and with improved mechanical, thermal, transport, and electrical properties [1, 8, 26, 52, 56] . CNTs are used in transistor applications as capacitors, actuators, thin, transparent, and flexible conductive films [60] [61] [62] . Carbon nanotubes can be single walled carbon nanotubes (SWNT) -a single graphite sheet rolled into a cylinder or tube, double walled carbon nanotubes (DWNT) -two concentric graphene cylinders, or multi-walled carbon nanotubes (MWNT) -coaxially arranged graphene cylinders around a central hollow core [26] . Usually, CNTs are difficult to disperse in a polymer matrix, due to the strong intrinsic Van der Waals attractive forces among CNT particles in combination with a high aspect ratio/high surface area, which causes them to form bundles or ropes [26, 37] . There are ways to overcome this problem using sonication [37, 63] , chemical modification of the CNT surface through their purification, and functionalization [64] of nanotubes walls (e.g. oxidization involving carboxylic, carbonyl, and hydroxyl groups [65] ), fluorination, alkylation, use of surfactants [66] , and organic solvents, chemical vapor deposition (used to roughen the surface and cause better adhesion with the polymer), microwave irradiation [67] , and gamma radiation or plasma treatment, which causes chemical alterations to the CNT walls. Different methods for incorporation of CNTs into polymers have also been reported [56] , viz. melt mixing, solution mixing, in situ polymerization, and polymer wrapping [26] , which can result in lower or higher PT of the CNT/polymer composite. PT can vary with the use of different types of CNT, or with different polymers [59, 68] , depending on the particle-particle interaction as well as interactions with the polymer [31] , preparation methods [32] or the use of dispersants, which usually lowers the PT [66] . PT values for CNT in polymers are usually low, i.e. less than 1 wt. % [1, 23, 31, 37, 39, 40, 56] . Low PTs are beneficial since small dopant concentrations are used to affect the electrical properties, while the other polymer properties remain unaffected. This is very important for the polymer host used in this work, polymer cholesteric liquid crystal (PCLC) host, since its optical (and other) properties will be unaffected after the doping.
Metal-based dopants in polymers have also shown a percolation threshold-type behavior, but this occurs at relatively high dopant loadings. There are many reports on metals used as dopants in a variety of polymers [7, 25, 27, [69] [70] [71] [72] .
In this work, conductive dopants like carbon-based and metallic dopants in PCLC host have been investigated [41] . The purpose of the study was to improve the dielectric properties of PCLC material [73] [74] [75] [76] [77] . By doping with conductive dopants, it was shown "easy" tuning of the electrical properties of PCLC materials and PCLC particles for their potential electro-optical applications, such as: switchable and tunable color filters, tunable optical retarders, polarizers, vehicle camouflage, patterned particles for storage of encoded and encrypted information for the security or military sector; switchable "paints" and coatings, "smart windows" for energy or privacy control and many other electro-optical and photonics applications. In information technology, PCLC materials can be used as reflective multi-color information displays, flexible media for information display on either flat or curved surfaces. The concept of electronic paper and sensors based on doped and/or undoped PCLC microparticles is also very attractive for consumers nowadays. PCLC technology platform offers the possibility for a thin, reflective, lightweight, flexible full-color displays that require low energy consumption [41] [42] [43] [73] [74] [75] [76] [77] [78] .
EXPERIMENTAL

Materials
The polymer cholesteric liquid crystal (PCLC) material used as a polymer matrix in this work is a non-crosslinkable cyclic polysiloxane material. It is left-handed cholesteric liquid crystal that belongs to the class of side-chain liquid crystalline polymers (product of Wacker-Chemie GmbH, Munich, Germany) with a glass transition temperature ~ 50 C and a clearing point (T c ) of ~200 C (as measured by the manufacturer [79] and by Korenic [80] ). PCLC exhibits unique optical properties, such as selective reflection and circular polarization due to its helical structure, and has the potential in many optical, photonic, and electronic applications (Fig. 1) [41, [75] [76] [77] . Dopants used in this work for PCLC are listed in Table 1 . Namely, two types of carbon blacks (CB) have been considered: Vulcan PA90 (VPA) and Monarch M120 (M) (products of Cabot Corporation Billerica, MA). CB Vulcan PA90 has particles with a primary diameter of 17 nm, surface area ~140 m CB VPA has a smaller particle size with a high surface area, high structure (forms elongated, branched, and chained aggregates and high DBP value) compared with CB M. Knowing the properties of these CB powders, it is expected that CB VPA will give a higher conductivity as a dopant in PCLC at a lower dopant concentration (low PT value) compared with other types of CB used in this work. (Table 1) , and they are expected to show a lower PT.
T a b l e 1
Dopants for PCLC used in this work
Metal-based dopants with different particle sizes have been selected in this study, as well. The metal dopants considered are carbonyl iron (CI), indium tin oxide (ITO), and aluminum particles (Al). [For these dopant particles there are no existing tabulated values of their dielectric properties, however, it is known that the conductivities and dielectric constants of bulk metals are very high.]
Carbonyl iron powder HQ (CI-HQ contains >97.5% iron, 0.9% carbon, 0.5% oxygen, and 0.9% nitrogen (product of BASF Corp., Mt. Olive, NJ). Particle diameter is ~1.1 µm and density is 7.5 g/cm 3 . Indium-tin oxide (ITO) is 99.99+% and particle diameter of 3.38 µm (Sigma Aldrich, product #49468-2). Al flakes are a commercial product designated as Starbrite 4102-EAC (Silberline, Tamaqua, PA) and have been supplied in a liquid dispersion, 10% particle platelet/90% ethyl acetate.
Preparation of samples for conductivity measurements
Doped and undoped disks (plates) made from PCLC material and certain amount of dopant are made in order to determine the dielectric properties of the composition. A "thin film-maker tool" with controlled heating and pressure is used for this purpose [41, 43] . Constant-thickness filmmaker for polymers consists of heated platens with temperature control and an air E-Z press, 20-ton hydraulic press (product of International Crystal Laboratories, Garfield, NJ). For each system (PCLC/dopant), ~10 or more samples with different concentrations are prepared to be ~2 cm in diameter and ~0.5 mm in thickness. First, target compositions with specified amounts of PCLCs and dopant material are measured (minimum required solid sample material is ~0.2-0.3 g or less, depending on the sample thickness), ground by mortar and pestle, and mixed well in a small vibrational capsule. The mixed powders are melted to 130C 2.5 cm under a load of ~4000 kg, pressed for ~5 min and then cooled down to a room temperature. Next, prepared disks are measured for their conductivity.
Conductivity measurements of PCLC / dopant compositions
An impedance gain phase analyzer (frequency response analyzer, Solartron 1260 by Solartron Analytical) is designed for the rapid, accurate, and non-destructive measurement of electrochemical phenomena in materials using a special holder for solids. When a voltage (potential) is applied to the material, a current flows through the test chamber that is determined by the mechanisms characterizing the motion of charge within the material [81] . This instrument was used to measure the conductivity for solid pellets of PCLC with and without dopants.
The sample holder for solids (model 1296 2A, Solartron Analytical) is designed to allow accurate impedance tests of solids at room temperature. It consists of two parallel electrodes that form a parallel capacitor. The bottom electrode is fixed in position, and the top electrode can be lowered into contact with the sample. After contact with the sample is made, a measurement of the sample thickness can be taken by reading the dial of a micrometer thickness gauge attached to the top electrode. The sample holders are 20 mm in diameter and the range of sample thicknesses that can be measured with this technique is from 0.2 mm to 25.4 mm. The range of measured impedance values varies from 1  to 100 T and the frequency region for measurement is from 10 µHz to 32 MHz [82] .
Frequency response analysis (FRA) [83] with a sinusoidal test signal was the methodology used to analyze the output impedance signal after interaction with the sample. All calculations are done automatically and the output signal is presented in terms of capacitance, C, and resistance, R, of the sample as a function of the frequency. Namely, calculations of the dielectric properties of the measured samples placed in the parallel plate capacitor, a circuit where C is in a parallel configuration with R is assumed [41, 84, 85] . SEM micrographs were taken using either an FE SEM LEO 982 (EMSL, Richland, WA) or SEM LEO-EVO 50 [41] .
RESULTS AND DISCUSSION
Percolation threshold (PT) of conductive dopants in PCLC host
All dopants in PCLC host used in this work showed increased conductivity of doped polymer compositions by several orders of magnitude compared with initial neat PCLC when the PT is reached. Different percolation thresholds are observed in this study depending on the dopant type. This polymer host has not been investigated for its dielectric properties previously [41-43, 73, 77] .
Percolation threshold for all used dopants in different concentration in PCLC host was determined by measuring conductivity,  m , as a function of doping level for a series of PCLC doped disks.
[The calculation is carried out in an iterative manner by first examining the behavior of  m as a function of doping loading.] Conductivity at 1 kHz, which is the same or close to DC conductivity, is reported for all used dopants in Table 2 [36, 41, 43, 47] . Figure 2a shows SEM pictures of 5 vol.% CB VPA doped PCLC material. It can be seen that CB aggregates with sizes ~200-300 nm are present. The image on the left side (in Fig. 2a ) presents a cross section of PCLC film doped with CB VPA, while the other two images are magnified sections where CB VPA aggregates are noticeable. Figure 2b compares conductivity at 1 kHz for both CBs / PCLC composites at different dopant loadings. CB VPA dopant shows a jump in mixture conductivity at ~2.0 vol.% dopant concentration (it is PT for CB VPA), while CB M shows PT at ~6 vol.%. Since CB M is more spherical, it forms more compact aggregates with less pores in the polymer matrix (low structure). This is the reason why CBM has a higher PT than PT value of CB VPA as a dopant to PCLC host. The reasons for the differences in PT for these CBs in this particular polymer matrix can be summarized as follows: a) different structure of CBs, b) different particle sizes, and c) different surface areas. Also, another contributing factor could be the oxidation state for each CB (not given by the manufacturer), wherein active functional groups on the particle surface contribute to improve or degrade wetting, adsorbing or possible interactions with PCLC. SWNTs have different PTs, which are 0.70 and 0.37 vol.% for SWNT-1 and SWNT-2, respectively, and both showed a total increase of conductivity at 1 kHz of ~7 orders of magnitude. Comparing both SWNTs as dopants used in this work, SWNT-2 particles have a higher aspect ratio than SWNT-1 particles (Table 1) , and they are expected to show a lower PT. This is the lowest PT seen for all dopants studied in the present work, most possibly due to the high aspect ratio of these particles. MWNT gives the PT = 0.8 vol.% in PCLC; the overall increase in conductivity is ~9 orders of magnitude. It is known that MWNT can cause a larger increase in conductivity than SWNT in the same polymer due to the fact that they have higher conductivity than SWNT, and, therefore, the conductivity of MWNT-based composites is higher than the conductivity of SWNTbased composites. On the other hand, SWNT with higher aspect ratio (e.g. longer length of CNT) could achieve "easier" connection and "conductive paths" through the polymeric matrix, and, consequently, have lower PT [32, 41, 43] . Conductivity data for all used carbon-based dopants in PCLC host are summarized in Figure 4 .
SEM imaging of the microstructure of doped PCLC compositions and its correlation with PT
In general, metal-based dopants show high percolation thresholds. CI-HQ increases the conductivity of PCLC/CI-HQ composites by nine orders of magnitude at a dopant level of ~20 vol.% (PT). Similar behavior was observed by Zois et al. [25, 71] for micron-sized Fe-particles in other polymers. ITO as a dopant increases the conductivity of ITO/PCLC composites by eight orders of magnitude at doping levels of ~25 to 30 vol %, while PT for Al flakes is Figure 5 . Figure 6 summarizes all conductive dopants in PCLC host. There are two types of behavior for dopants in PCLC matrix: a) carbon-based particles in PCLC host show that PT drops as shape anisotropy increases. This behavior has been observed in other polymer hosts, too [59] ; b) for metal-based particles with little shape anisotropy in PCLC: PT increases with increasing particle size (CI-HQ, ITO, Al flakes) [41, 43] . 
CONCLUSION
Increased conductivity or enhanced dielectric properties of a variety of polymers have been studied by many authors [24] [25] [26] [27] [86] [87] [88] [89] . This is of particular interest as regards polymers because their properties can be easily modified by doping. Moreover, the polymeric mixtures can exhibit improvements of their physical, mechanical, electrical, and thermal properties, compared with the properties of the neat polymer host. The properties of the composition can be "tailored" to particular novel applications by selecting a proper type (nature, size, shape) of dopants and its loading in the polymer matrix.
Conductive particles in general show percolation threshold behavior when used as dopants in polymers. In this work, selected types of conductive dopants (carbon-and metal-based dopants) showed the same behavior in PCLC matrix. The increase of the conductivity of doped PCLC material was by several orders of magnitude over that of pure PCLC host, which has not been observed before for this type of polymer host. Particularly, carbon-based dopants increased the conductivity for ~8 orders of magnitude (for carbon black, CB VPA), while MWNT increased it for ~9 orders of magnitude. Furthermore, two types of behavior of investigated conductive dopants were observed: i) For carbon-based dopants, percolation threshold drops as shape anisotropy increases (Fig.  4) . This type of behavior has been observed by other scientists for different polymer hosts.
ii) For metal-based dopants with little or no shape anisotropy, the percolation threshold in PCLC material increases with increasing particle size (Fig. 5) .
The PCLC material in this study was of particular interest for the author, because it possesses unique optical properties, such as selective reflection and circular polarization of the reflected light due to the helical structure [41] . By its doping, the use of PCLC material extends to novel optical, photonic, and electronic applications. The most important are electro-optical applications, such as display and sensor applications, color filters, "smart" windows, electronic labels, and electromagnetic shielding, besides the known passive applications like use in the military as decals, decorative/cosmetic inks and paints, document security, stereoscopic printing, retarders, waveplates, filters, polarisers, etc. To the best knowledge of the author, this polymer host has not been investigated by other scientists in terms of conductive doping and change of its properties [41, 42, 73, 75, 77] .
